A human disorder caused by mutation in nonmuscle actin has not been reported. We report here a variant of nonmuscle actin in a female patient with recurrent infections, photosensitivity, and mental retardation. She also had abnormalities in neutrophil chemotaxis, superoxide production, and membrane potential response. Two-dimensional PAGE analysis of proteins from neutrophils and other cell types from this patient demonstrated a unique protein spot migrating at 42 kDa with pI shifted slightly to neutral relative to normal ␤-and ␥-actin. Digestion peptide mapping and Western blotting showed this spot to be an abnormal actin. A full-length cDNA library was constructed by using mRNA from patient's cells and cDNA encoding the mutant ␤-actin molecule was identified by an in vitro translation method. Sequencing of the clones demonstrated a G-1174 to A substitution, predicting a glutamic acid-364 to lysine substitution in ␤-actin and eliminating a HinfI DNase restriction site found in normal ␤-actin sequence. By HinfI digestion and by sequencing, the mutation in one allele of patient's genomic DNA was confirmed. Though no defect in cell-free polymerization of actin was detected, this defect lies in a domain important for binding to profilin and other actin-regulatory molecules. In fact, the mutant actin bound to profilin less efficiently than normal actin did. Heterozygous expression of mutant ␤-actin in neutrophils and other cells of this patient may act in a dominant-negative fashion to adversely affect cellular activities dependent on the function of nonmuscle actin.
Phagocytes such as neutrophils play profound roles in defense against microbial infection in the way that they migrate, ingest pathogens, generate reactive oxygen species, and release granule contents to phagosomes and to extracellular medium. The mechanism underlying these activities is associated with, and may require, rapid reorganization of the cytoskeleton. This involves a cyclic process that includes polymerization of Gactin to F-actin, crosslinking of the filaments to form the supramolecular assemblies anchored to membranes, and depolymerization of the F-actin to G-actin (1) .
Various actin-binding proteins are known to regulate the dynamics of actin cytoskeleton. Schleicher et al. (2) classified these binding proteins into three categories. The first group of proteins, such as profilin and cofilin, are those that bind to monomeric G-actin and thus reversibly remove polymerizable actin from the equilibrium with F-actin. The second group contains the end-binding proteins or capping proteins, such as gelsolin and cap32͞34. They inhibit further addition of monomers to actin polymers and keep filaments short. The third group contains proteins that bind along the side of actin filaments and either stabilize the filaments, crosslink filaments to form three-dimensional networks, anchor filaments to membranes, or work as motors. Binding proteins such as tropomyosin, filamin, spectrin, and myosin are examples of this family.
A variety of functional studies of actin and its associated proteins have been performed by using spontaneous or genetically engineered actin mutants in yeast, in amoebae of slime mold Dictyostelium, in the protozoan Tetrahymena, and in the indirect flight muscle of fruit fly Drosophila (3) . However, in mammalian cells, the only studies of mutant actin that have been reported are from an in vitro model using a chemically transformed human fibroblast cell line (4) . Although one clinical case was reported in which the patient's symptoms were attributed to a defect in actin polymerization in neutrophils (5-7), a specific structural defect in the actin molecule has not been identified.
We now report here a human disorder caused by mutation in nonmuscle actin. The patient had repeated infections and other symptoms and had impairment of neutrophil functions. Neutrophils and other cells from the patient were found to contain abnormal ␤-actin together with normal ␤-actin. By sequencing the cDNA that encoded the abnormal actin, we found a single nucleotide substitution. The predicted mutation site in the actin molecule is in a binding site for certain actin-associated proteins such as profilin.
MATERIALS AND METHODS
Patient History. At the time of initiation of these studies, this female patient was 12 years old, with a history of photosensitivity, recurrent stomatitis, and keratoconjunctivitis since age 3, thrombocytopenia (3 ϫ 10 4 ͞l) at age 8, and tuberculous pneumonia, recurrent otitis media, iritis, furunculosis, and a polyathralgia with positive rheumatoid factor since age 9. She exhibited moderate intellectual impairment (IQ score: 54) and had short stature (141.5 cm: Ϫ1.4 SD). Laboratory studies showed leukopenia, hyper-IgE, and persistent high levels of C-reactive protein. Serum IgG, IgA, IgM, and IgE levels, respectively, were 3,200 mg͞dl, 520 mg͞dl, 173 mg͞dl, and 2,526 units͞ml. Serum protein was 8.8 g͞dl, where percents of albumin, ␣1-, ␣2-, ␤-, and ␥-globulin were 46. 4 (8) , and platelets were derived by centrifugation at 800 ϫ g for 20 minutes from platelet-rich plasma. Biopsy-derived skin fibroblasts were grown in RPMI medium 1640 supplemented with 20% newborn calf serum. Epstein-Barr virus-transformed B cell lines were established from patient blood lymphocytes according to a method described previously (9) .
Neutrophil Functions. In vivo and in vitro assessment of phagocyte chemotaxis was determined by Rebuck's skin window test (10) and Boyden chamber assay (11), respectively. Neutrophil superoxide generation was measured as superoxide dismutase-inhibitable reduction of ferricytochrome c (12) . Membrane potential change of the cells (10 6 cells͞ml) was assayed by using Di-O-C5- [3] (Nippon Kankoh Sikiso Kenkyusho, Okayama, Japan) (13) . Two-Dimensional (2D) PAGE Analysis and Immunoblotting. 2D PAGE analysis of proteins in cells was performed according to O'Farrel (14) , with a slight modification. In brief, cells (2 ϫ 10 7 ) were solubilized in 400 l of lysis buffer containing 9.5 M urea, 2% NP40, 2% Pharmalyte (1.6% pH 5-8 and 0.4% pH 3-10), and 5% mercaptoethanol. Isoelectric focusing was performed at 500 V for 24 hours followed by the 2D SDS͞PAGE. Proteins on the gel were stained with 2D Silver Stain II (Dai-ichi Pure Chemicals, Tokyo). For immunoblotting, proteins on the gel were transferred to poly(vinylidene difluoride) membrane and were stained with the antiactin monoclonal antibody N350 (Amersham Pharmacia).
Construction of cDNA Library. To construct a full-length cDNA library, the capping method (15) was used. In brief, mRNAs with Poly(A) tails were extracted from the patient's B cell line and were purified by using poly (T) cellulose column. To remove the 5Ј phosphate residues from degraded mRNAs, the samples were incubated with alkaline phosphatase. Then, the cap of an intact mRNA was removed by a tobacco acid pyrophosphatase treatment. To the generated 5Ј phosphate group, a chimeric DNA-RNA oligonucleotide linker was ligated by using T4 RNA ligase. The resulting DNA-capped mRNA was annealed with dT-tailed pKA1 vector primer and was used as the template for cDNA synthesis by Super Script II reverse transcriptase (GIBCO͞BRL). The product was digested by EcoRI at the EcoRI sites in the linker and in the vector primer I and was ligated with Escherichia coli DNA ligase. The second strand synthesis of the self-ligated product was performed by using RNase H and E. coli DNA pol. This library is designated as pKA1 library.
Cloning and Characterization of Actin cDNAs. By using the pKA1 library, the patient's actin cDNA clones were selected by hybridization with control ␥-actin probe (15) . The clones containing the EcoRI-NotI inserts with Ͼ1.8 kbp were selected and confirmed to contain the start codon by sequencing of 5Ј region of the inserts. For in vitro translation of the actin cDNAs, TNT T7 coupled reticulocyte lysate system (Promega) was used. The translation products were labeled with [ 35 S]methionine (Amersham Pharmacia) and were analyzed with 2D PAGE.
Genomic Analysis of ␤-Actin Gene. Genomic DNA was isolated from the patient's B cell line. Thirty cycles of amplification by PCR using sets of primers shown in Table 1 (25 pmol͞50 l) were performed in thermal cycler PHC-3 (Techne Laboratories, Cambridge, U.K.) under the following conditions; denaturation at 96°C for 45 seconds, annealing at 56°C for 45 seconds, and extension at 72°C for 1 minute. The reaction mixture contained 50 mM Tris⅐HCl (pH 7.5), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 50 ng genomic DNA, and 5 units of recombinant Taq Polymerase and the primers. The products were separated with 2% agarose gel electrophoresis and were extracted from the gel by using Geneclean II kit (Funakoshi, Tokyo). The isolated product was treated with 5 units of HinfI restriction enzyme (Takara, Tokyo) at 37°C for 1 hour and was subjected to PAGE using 5% polyacrylamide gel. The PCR product was cloned into pCRII plasmid by using TA cloning kit (Invitrogen, San Diego) and was sequenced.
DNA Sequencing. Cycle sequence method was done by using Taq Dye Deoxy Terminator Cycle Sequencing Kit (PerkinElmer), and the sequencing was performed with an autosequencer (ABI model 373A, Perkin-Elmer) by using primers listed in Table 1 .
Tests for Polymerizing Ability of Mutant Actin and for Binding Ability to Profilin. The patient's B cell line (1.0 ϫ 10 8 ) was labeled with 1 mCi [ 35 S]methionine in 10 ml of a methi- The position numbers of the full-length cDNA are based on the report by Ponte et al. (32) and that of genomic DNA by NakajimaIijima et al. (20 Binding of actin to profilin was performed by using glutathione S-transferase fusion protein with human profilin [glutathione S-transferase (GST)-profilin] coupled to glutathione Sepharose 4B beads (Amersham Pharmacia). For expression of the GST-profilin, human profilin I cDNA inserted to the BamHI site of pGEX-2T (17) was used. The 35 S-labeled translation products of normal and mutant actin cDNAs and the GST-profilin-beads, both in a buffer containing 40 mM Tris⅐HCl (pH 7.5), 150 mM NaCl, 1 mM ethylendiaminetetraacetic acid, 0.5% Triton X-100, and 1 mM phenylmethanesulfonyl fluoride, were mixed and incubated at 4°C for 2 hours. As a control, the GST beads instead of the GST-profilin beads were used. From the beads, normal and mutant actin bond to profilin were recovered and analyzed by SDS͞PAGE.
RESULTS
Functional Analyses of Patient's Neutrophils. As seen in Fig. 1 A, B , and C, respectively, the patient's neutrophils demonstrated depressed chemotactic responses, reduced stimulated superoxide generation, and weaker formyl methionylleucyl-phenylalanine (fMLP)-induced depolarization͞ repolarization relative to neutrophils from a normal control.
Characterization of Protein Profiles in Patient's Neutrophils. The protein profiles in patient's neutrophils were compared with those of control (18) in 2D PAGE. As shown in Fig.  2 , a unique spot that had the same molecular mass as ␤-and ␥-actin molecules (42 kDa) but a slightly shifted pI value to cathode was found in the patient's specimen. Such a spot was not found in neutrophils from control and in leukocytes from Ͼ100 individuals (ref. 18 ; data not shown) but did exist in leukocytes, platelets, fibroblasts, and the B cell line from the patient (data not shown).
The protein in the spot was reacted with a monoclonal anti-actin antibody and it's fingerprint peptide graphic analysis after proteolytic digestion demonstrated high correlation with actin (data not shown). From these results, we concluded the patient's cells had an abnormal, mutant actin together with normal ␤-and ␥-actin. The amount of the protein expressed in the cells was comparable to that of ␤-actin molecules.
Cloning of Actin cDNAs and Their in Vitro Translation Analysis. To determine the mutation responsible for generation of this abnormal actin, a full-length cDNA library constructed from the patient's B cell line was used. By hybridization with control ␥-actin cDNA and partial sequencing of 5Јends, eight clones, each encoding ␤-or ␥-actin full-length cDNA, were selected. To identify which of these 16 clones coded the mutant actin, in vitro translation products of these clones were analyzed by 2D PAGE. As expected, the in vitro translation yielded both acetylated and nonacetylated products (19) , and the products of five ␤-actin and all eight ␥-actin clones migrated identically with normal ␤-and ␥-actin protein ( Fig. 3 A and B) . However, the translation products of three ␤-actin-encoded clones showed a set of spots that had shifted pI value but the same molecular mass as control (Fig. 3C) . DNA sequencing of these three clones demonstrated a mutation consisting of a G-1174-to-A base pair substitution (Fig. 4) , predicting a glutamic acid 364-to-lysine substitution in the protein product.
Analysis of Patient's Genomic DNA. To confirm this mutation in the patient's actin gene, genomic DNA was extracted from patient's B cell line and was subjected to PCR to amplify the fragments predicted to contain the mutation site using the primers shown in Table 1 . By using one set of these primers (S-2͞A-1), the PCR fragment generated from control genomic DNA yielded products of 293 and 405 bp. By sequencing, the 293-bp product was found to be of a pseudo-actin gene that lacked intron 5, and the 405-bp product was of the true actin genomic sequence containing a part of exon 5, intron 5, and a part of exon 6, as expected.
Because a HinfI DNase restriction site in the normal sequence was eliminated in the mutant sequence, the 405-bp fragment was isolated and digested with HinfI restriction enzyme. As shown in Fig. 5 , both undigested 405-bp fragment and the 65-and 340-bp digestion fragments were generated from patient genomic DNA whereas only the 65-and 340-bp fragments were generated from normal control DNA. Similar results were obtained by the analysis of PCR product amplified by using another primer set (S-1͞A-1). The results indicate that the normal and mutant alleles are present in the patient cells. The substitution of G-2962 with A in exon 6 was confirmed by sequencing the mutant 405-bp PCR product derived from the patient (20) .
Polymerizing Ability of the Mutant Actin and Binding Ability to Profilin. To know whether the mutant actin molecule has polymerizing ability as normal actin, a cytosole fraction from 35 S-labeled patient's B cell line was exposed to polymerization conditions (high magnesium and potassium salts) and was centrifuged. A portion of the resulting precipitate was analyzed by 2D PAGE. The other portion was dialyzed to cause depolymerization. These procedures were repeated three times. As shown in Fig. 6 , the ratios of the mutant and normal actin molecules did not change at each cycle of polymerization, suggesting that the mutant actin can polymeized and depolymerize similar to the normal actin.
Binding ability of mutant actin to human profilin was examined by using GST-profilin beads. As shown in Fig. 7 , efficiency of binding of mutant actin to profilin was significantly lower than that of normal actin.
DISCUSSION
In the present study, we showed that the patient suffering from recurrent infections had the mutant ␤-actin in her neutrophils and other cells together with normal ␤-actin. An actin mutation has not been observed previously in vertebrates, except for a mutation induced in a chemically transformed human fibroblast cell line (4) . By the analysis of the mutant actin cDNA, a substitution of G-1174 to A was found in the coding region of the ␤-actin molecule, and the mutation was confirmed by examining her genomic DNA. This mutation corresponds to the amino acid transition of glutamic acid-364 to lysine (E364K).
The primary structure of actin is highly conserved in various organisms, implying high biological constraint on structure. The mutation site is situated in a region of actin that is highly
conserved. An amino acid substitution at the identical site was reported in actin molecules of Saccharomyces cerevisiae (E364A) (21) , Dictyostelium (E364H) (22) , and in the indirect flight muscle-specific Act88F actin in Drosophila melanogaster (E364K) (3) . Like the mutant actin in our patient, the flight muscle mutant actin occurring in the flightless strain of Drosophila was relatively stable and demonstrated normal in vitro polymerization.
Glutamic acid at residue 364 and its vicinity in actin molecule (residues 355-375) has been shown to be important for binding several proteins that modify behavior of the molecule. These proteins include profilin, myosin, cofilin, ␣-actinin, and gelsolin (23) . In particular, the mutation in the flight muscle actin of Drosophila was shown to affect binding of this mutant actin to profilin. We also showed in this paper that the mutation affected binding of the mutant actin to proflilin. Among the actin binding proteins, profilin, which forms a 1:1 complex with actin, has precisely been studied by mutation (24) , cross-linking (25) , and atomic models derived from crystallized complex with actin (26) . Specifically, Acanthamoeba actin residue E364 can be shown to form a chemical cross-link with lysine-115 of Acanthamoeba profilin (25) and bovine actin residue E364 to form an intermolecular electrostatic interaction with lysine-125 of bovine profilin, which is homologous to lysine-115 of Acanthamoeba profilin in sequence alignment (25) .
The mutant actin in the indirect flight muscle was antimorphic for flight ability of Drosophila when expressed in a null strain together with wild-type actin and could not form myofibrils when homozygously expressed in the null strain. By analogy, it is likely that mutant actin molecules of the patient in this study also interfere functions of normal ␤-actin molecules in a dominant-negative manner. It is of note that the mutant ␤-actin described in a chemically transformed human fibroblast line (4) was also present together with normal a ␤-actin molecule and exerted a dominant negative effect on function (4).
It is interesting to note that not only functions directly connected to actin such as chemotaxis but also superoxide generating ability in neutrophils were affected by the mutation. Epstein-Barr virus-transformed B cell line from the patient also had a comparable amount of mutant ␤-actin molecules to that of normal ␤-actin and reduced superoxide generating ability (data not shown). The superoxide-generating system in these cells consists of two membrane proteins designated as gp91-phox and p22-phox that form cytochrome b 558 and three cytosolic proteins, namely p47-phox, p67-phox (27) (28) (29) , and a small GTP binding protein Rac-p21. The system is in a dormant state in resting neutrophils but is activated on stimulation, where p47-phox and other cytosolic proteins translocate to the membrane and associate to the cytochrome (30) to form a functionally active enzyme complex on the plasma membrane. Nauseef et al. suggested that p47-phox phospholyrated during activation is more effectively transferred to the membrane as a result of binding to actin (31) . The abnormality in our patient's neutrophils would support a role for actin in the activation of the superoxide-generating phagocyte NADPH oxidase.
Clinical symptoms of the present patient included photosensitivity and intellectual impairment in addition to the recurrent infections resulting from the neutrophil dysfunction. She did not demonstrate more profound defects in other organ systems. This patient died from infection before our subsequent molecular identification of her defect, precluding additional investigation of her clinical phenotype or defects in cells other than her fibroblast line, B cell line, or previously frozen materials. However, our study suggests that directed mutation at the same site in an engineered mouse or other target animal would generate a viable phenotype and an informative model Binding of actin to profilin. The 35 S-labeled translation products of normal and mutant actin cDNAs were incubated with the GST-profilin-beads or GST-beads at 4°C for 2 hours. Recovered labeled actin from the beads was subjected to SDS͞PAGE. The gel was dried and exposed to Fuji imaging plate, and radioactivity of the actin band was determined by using Bas 2000 (Fuji). The values after subtraction of those obtained by using GST-beads (Ͻ10%) are plotted. Open circle, control ␤-actin; closed circle, mutant ␤-actin.
for further study of the function of nonmuscle actin in higher organisms.
